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Abstract 

The properties of a quasi-one-dimensional (quasi-lD) superconductor with 
an open Fermi surface are expected to be unusual in a magnetic field. On 



■ the one hand, the quasi-lD structure of the Fermi surface strongly favors the 



formation of a non-uniform state (Larkin-Ovchinnikov-Fulde-Ferrell (LOFF) 
state) in the presence of a magnetic field acting on the electron spins. On the 



0^ . other hand, a magnetic field acting on an open Fermi surface induces a dimen- 



sional crossover by confining the electronic wave-functions along the chains 



. of highest conductivity, which results in a divergence of the orbital critical 

O ■ field and in a stabilization at low temperature of a cascade of superconduct- 



ing phases separated by first order transistions. In this paper, we study the 
phase diagram as a function of the anisotropy by taking into account on the 
same footing the paramagnetic and the orbital effects of the field. We discuss 
in details the experimental situation in the quasi-lD organic conductors of the 
Bechgaard salts family and argue that they appear as good candidates for the 
observation of the LOFF state, provided that their anisotropy is large enough. 
Recent experiments on the organic quasi-lD superconductor (TMTSF)2C104 
are in agreement with the results obtained in this paper and could be inter- 
preted as a signature of a high-field superconducting phase. We also point 
out the possibility to observe a LOFF state in some of the recently discovered 
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organic superconductors due to the particular topology of their Fermi surface. 
PACS numbers: 74.20-z, 74.70.Kn, 74.90.+n 



Typeset using REVT^ 



I. INTRODUCTION 



In 1963, Larkin and Ovchinnikov and independently Fulde and Ferrell, predicted the 
existence of a nonuniform superconducting state (hereafter referred to as the LOFF state) 
in the presence of a magnetic field acting on the electrons spinslll. These authors noted that 
the destructive influence of Pauli paramagnetism on superconductivity can be mitigated by 
pairing spin | and spin | electrons with a non zero total momentum whose value depends 
on the magnetic field. In this way, the pairing condition, which requires that opposite 
spin electrons with equal energy and a given total momentum should be paired, can be 
fulfilled with improved accuracy over some parts of the Fermi surface. On other parts of the 
Fermi surface, it may then not be possible to pair electrons at all, but the LOFF state can 
nonetheless be more stable than the uniform solution. This superconducting state occurs 
only at temperatures smaller than Tq ~ 0.56 Tco where T^q is the zero field superconducting 
transition temperature. The phase transition is of first order from the LOFF state to the 
ordinary uniform superconducting state and of second order to the normal metallic phase. 

Although this nonuniform state was predicted many years ago, there has been up to 
now no experimental evidence of its existencJi. This can be explained by several reasons. 
For an isotropic dispersion law, the LOFF state leads only to a small increase of the zero 
temperature critical field as given by the Shandrasekhar-Clogston (or Pauli) limiti, and its 
region of existence in the H — T plane, although not known exactly, is very narrowi. More- 
over, when orbital effects of the field are considered in a type II superconductor, the LOFF 
state can only exist if the diamagnetic effect is weak enough compared to the paramagnetic 
effect. The precise criterion obtained by Gruenberg and GuntherB for clean superconductors 
with an isotropic dispersion law is H°^{Q)/Hp > 1.28, where H"^{Q) and Hp are the zero 
temperature orbital critical field and the Pauli limited field respectively. Finally, the LOFF 
state is very sensitive to impurities and is destroyed when the elastic mean free path becomes 
smaller than the coherence lengthi. 

Quasi-one- dimensional superconductors (weakly coupled chains systems with an open 
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Fermi surface) appear very particular with respect to the existence of a LOFF state. The 
fundamental reason is that, because of the quasi-lD structure of the Fermi surface, the 
partial compensation of the Pauli pair breaking (PPB) effect by a spatial modulation of the 
order parameter is much more efficient than in a system with an isotropic dispersion lawi'ii. 
Moreover, it has been shown recently that the magnetic field induces a dimensional crossover 
which makes the orbital critical field H°2^ diverge0"i, thus increasing the relative strength 
of the PPB effect compared to the orbital effect. Noting also that quasi-lD systems such as 
can be found experimentally in the organic conductors of the Bechgaard salts family can be 
made very clean, strongly anisotropic superconductors should be very good candidates for 
the observation of a LOFF state. 

The effect of a magnetic field on the phase diagram of a quasi-one-dimensional super- 
conductor has recently received a lot of attention§Hl3. It was shown that for T^o <^ a high 
magnetic field stabilizes at low temperature a cascade of superconducting phases separated 
by first order transitions, which ends in a strong reentrance of the superconducting phase 
(the magnetic field is parallel to the y axis; is the coupling in the z direction between the 
chains parallel to the x axis). The existence of this cascade of superconducting phases in 
high magnetic field is a consequence of the two properties of a quasi-one-dimensional super- 
conductor noted above: The magnetic-field-induced dimensional crossover which freezes the 
orbital mechanism of destruction of the superconductivity and the efficiency of the LOFF 
state in compensating the PPB effecti^. In the reentrant phase, the dimensional crossover 
is almost complete: The system exhibits a quasi-2D behavior and the critical temperature 
is mainly determined by the PPB effect. For small enough tz {tz ~ T^o), the cascade of 
phase transition disappears and the reentrant phase appears more as a slow decrease of the 
critical temperature than as a real reentrance of the superconducting phase. The critical 
temperature decreases as ~ a consequence of the existence of a LOFF state, leading 
to an upward curvature of the critical field Hc2{T'^. 

In this paper, we determine the transition line Tc{H) (or Hc2{T)) as a function of the 
parameter tz/Tco in the presence of both orbital and PPB effects. The present work is an 



extension of the work of Dupuis and Montambaux (hereafter DM)i with special attention 
devoted to the appearance of a LOFF state and to the crossover between the low field regime 
and the high field regime (or quantum regime in the terms used in Ref.l^). 

In the next section, we determine the transition line in the absence of orbital effect of 
the field. At low field, — T^q ~ {^bHY /Tcq which leads to a downward curvature of 
the upper critical field. We show that below To ~ 0.56 Tco, the LOFF state is more stable 
than the uniform superconducting state. For hbH ^ T, the critical temperature between 
the LOFF state and the normal state varies as 1/H leading to an upward curvature of the 
critical field Hc2{T). The effect of disorder is discussed. In section |T|, we study the effect of 
a small coupling ~ T^q between chains on the phase diagram obtained in section ||. For a 
large anisotropy (i.e., t^/TcQ ~ 1), the phase diagram obtained in section |I| is only shghtly 
modified by the orbital effects. At low field, the critical temperature is now dominated by 
the orbital effects of the field and decreases linearly with H . However, the upward curvature 
of Hc2{T) at fJ^sH ^ T, which results from the existence of a LOFF state, subsists when 
the quantum effects of the field are fully taken into account in the calculation of T^. For a 
smaller anisotropy (i.e., tz/Tco > 2), the phase diagram becomes more complicated due to the 
stabilization at low temperature of the cascade of superconducting phases studied by DM. 
The interplay between this cascade, which is induced by the orbital effects of the field, and 
the appearance of the LOFF state is studied in details as a function of the anisotropy t^/T^o. 



In section we discuss the experimental situation in the quasi-lD superconductors of the 
Bechgaard salts family and argue that they appear as good candidates for the obvervation 
of a LOFF state, provided that their anisotropy is large enough. Recent experimental 
results obtained by Lee et alM with the organic quasi-lD superconductor (TMTSF)2C104 
(TMTSF=tetramethyltetraselenafulvalene) are discussed. In the conclusion, we point out 
the possibility to observe a LOFF state in some of the recently discovered quasi-2D organic 
superconductors due to the particular topology of their Fermi surface. 
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II. PAULI PARAMAGNETISM 



In this section, we consider a strongly anisotropic superconductor subject to a magnetic 
field acting on the electron spins. The open Fermi surface is described by the dispersion law 
{h = ks = 1 in the following and the Fermi energy is chosen as the origin of the energies) 

= v{akx: — kp) + tz cos(A;^c) , (1) 

where v is the Fermi velocity for the motion along the chains {x axis) and c the distance 
between chains, a = sgn(A;^) = +/— labels the right /left sheet of the Fermi surface. We 
do not consider explicitely the y direction parallel to the magnetic field which does not play 
any role for a linearized dispersion law. 

At high temperature (or low magnetic field), the order parameter A is uniform. Its value 
is obtained from the self-consistency equation 

IT 1 

where A > denotes the BCS attractive interaction and h = fisH is the Zeeman energy 
(the g factor is assumed to be equal to 2). ujn = '^T(2n + 1) is a Matsubara frequency 
and S is the area of the system. The difference -F(T, H) between the free energies of the 
superconducting state and of the normal state can be obtained fromlll 

where the function (7(A) = 1/A is defined by (^. Expanding the self-consistency equation 
in powers of A, we obtain the Ginzburg-Landau (GL) expansion of the free energy 

F(T,i^)=AA2 + |A^ + |A^ (4) 



where 



A = X-^- x(0) , 

iV(0) 1 ( I h 

B= ; \, ^,, ReC 3,- + 



2 (27rT)2 ^ \^ ' 2 2mT J ' 

3^ 1 / 1 M. (5) 
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where ({a, z) = J2^=o{n + z) is the generahzed zeta function. A^(0) is the density of states 
per spin at the Fermi level. x(0) is the Cooper pair susceptibilty 



^ kll (^^" - eg - h){-iuj„. - e + h) 



N{0) 



(6) 



ttT J \2 J 2 ^ \2 AiTiT 

evaluated at zero total momentum and ^ is the digamma function. Here q is the momentum 
along the chains. 7 is the exponential of the Euler constant and VL is the cutoff energy for 
the attractive interaction. The GL expansion (j^) agrees with the one obtained by Maki and 
Tsuneto in the case of an isotropic system with the dispersion law Ck = k As long as 

the Cooper pairs are formed with states of opposite momenta, the shape of the Fermi surface 
does not play any role. This appears clearly when we make the usual replacement S'^ X^k ^ 
A^(0) / de in the self-consistency equation (|^). The critical temperature is determined by 
A = - x(0) = 0. For low field /i < T, using A^^ = A^(0) ln(27fi/7rTco), we obtain a 
downward curvature of the transition line (or equivalently of the critical field Hc2{T)): 

where ({3) ~ 1.20. As pointed out by Maki and TsunetoliS, the transition between the 
normal state and the uniform superconducting state becomes of first order when the coeffi- 
cient of the quartic term in the GL expansion changes sign. This corresponds to the point 
{ho, To) of the transition line determined by 

The first equality in (D leads to ho/2nTo ~ 0.304092. From A = and A"^ = 
N{0) ln{2^Q/nTco), we then deduce To ~ 0.56 T^q. 

Up to now, we have ignored the possibilty to observe a nonuniform superconducting 
state. It is therefore necessary to consider the more general equation 

I = X{q) , (9) 



where xil) is the Cooper pair susceptibihty defined in (H). In principle, one should also 
consider the possibilty of a nonuniform superconducting state with a finite momentum of 
the Cooper pair along the z direction. We have verified that in our model such a state is 
never stable. The wave vector of the modulation of the order parameter at the transition is 
determined by the maximum of the susceptibility, which can be obtained from the derivatives 



x'(.)--iV(0)^EKe-v.'(- + ^^], (10) 



x"(g) = -iV(0) 



SvrT 

V 



4nT 



?-c(3,i.^), (U, 



where and \1'" are the first and second derivatives of the digamma function. The last 
equation was obtained using \&"(2;) = —2({3, z). It can be seen from Eg . (p!0D that x'(0) = 
independently of the value of the field. For h/T < Hq/Tq, x"(0) < so that q = corresponds 
to a maximum of the susceptibility. For h/T > ho/To, x"(0) > showing that q = 
corresponds to a local minimum of the susceptibilty. The maximum of xIq) is reached for 
a finite value of the total momentum. Thus, the temperature To below which the LOFF 
state is more stable than the uniform superconducting state corresponds exactly to the 
temperature below which we showed that the transition between the normal state and the 
uniform superconducting state would have become of first order in the absence of the LOFF 
state. An anologous result has been obtained by Dieterich and Fulde in their study of 
the magnetic field dependence of the Peierls instability in one-dimensional conductors, a 
problem which bears some similarities with the one considered in this sectional. For h/T 
slightly below /iq/Tq, we find using Eq.(p!0D that the maximum of the susceptibilty is obtained 
for 



'47rTy Revl>"(l + 



h 



where "i!^^^ is the fourth derivative of the digamma function. For large field h ^ T, Eq.(^ 
shows that the maximum of the susceptibilty should be reached for q ~ ±2h/v. This leads 
to the critical temperature 



8 



a result which was previously obtained by DM. Thus, at low temperature, the variation of 
Tc as 1/H, which is a consequence of the existence of the LOFF state, leads to a divergence 
and an upward curvature of the critical field Hc2{T). The susceptibilty xIq) ^ function 
of q is shown in Fig.|] for different values of the magnetic field. The transition line and 
the wave vector q of the order parameter are shown in Fig.|^. 

The divergence of the critical field is of course not physical. At low temperature, the 
effect of disorder will become more and more important and will lead to a finite critical field. 
Following the standard treatment@, impurity scattering is taken into account by including 
self-energy and vertex corrections in the Cooper pair susceptibity. Using the results of Ref.i, 
we find that the critical temperature in presence of disorder T^^^ is given by 



(14) 



Te 32T^T 32T^T 

for \T^^^ Tc h. Thus, the disorder becomes important at low temperature when 

Tc ~ 7r/32r. In Bechgaard salts where 1/r can be of the order of 100 mK, the disorder 
will be inefficient down to very low temperature so that the upward curvature of the upper 
Hc2{T) will persist in a very broad range of temperature. 

In the present model, the strong stability of the LOFF state strongly relies on the use 
of a linearized dispersion law. It is therefore necessary to verify that a finite curvature of 
the dispersion law at the Fermi level does not modify significantly the preceding results. 
Instead of the linearized dispersion law given by Eq.(|I]), we consider the following tight- 
binding model: 

Ck = tx cos^k^a) + ty cos{kyb) + cos{kzc) — /i , (15) 

where /i is the Fermi energy, a, b and c the lattice parameters. The transfer integrals t^, ty 
and tz verify the condition ty,tz ^ which ensures that the Fermi surface is open for a 
sufficient filling (/i ~ t^). If we expand Ck around ^kp defined hj fi = coslkpa), we obtain 
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Ck — v{\kx\ — kp) + -(l/cxi — kpYa^tx cos^kpa) + ty cos{kyb) + cos{kzc) , (16) 

where v = at^ sinlkpa) is the Fermi velocity along the chains direction. Because of the 
curvature of the dispersion law around the Fermi level, it is not possible to find a particular 
value of q allowing us to fulfill the pairing condition ek + /i = Cq-k ^ h for one half of the 
phase space. However, it will be possible to neglect the curvature of the dispersion law if 

-(fa^tx cos(/ci?a) -C T , (17) 

where q ~ -^2h/v is the total momentum of the Cooper pair in the LOFF state. Using 
kpa ~ 1 and ~ vkp, this inequality can be rewritten as 

< Ttx . (18) 

For tx/2 ~ 3000 K and using h = ^bH = 0.67 x H K, we obtain the condition: if ^ 30 
T at T = 100 mK. Thus, in the magnetic field and temperature ranges which can be 
experimentally reached, the use of a linearized dispersion law is justified. 



III. ORBITAL AND PAULI EFFECTS 

In this section, we study how the orbital effects of the magnetic field modify the phase 
diagram obtained in the preceding section. In the gauge A(0, 0, —Hx), the order parameter 
is determined by the integral equation^ 



K{x, x' , g. 



A ^A{x,qz)= / dx'K{x,x',qz)A{x',qz 

J\x-x'\>d 

N{0)'kT cos[2fiBH{x - x') /v] 



(19) 



V sinh[|x — x'|27rT/t'] 



X Jn 
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c G 
2' 



(20) 



where K takes into account both the PPB and orbital effects. Jo is the zeroth order Bessel 
function, G = —eHc and Uc = Gv. The cut-off d is related to the energy Q. Taking 
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advantage of the conservation of the transverse momenta in the chosen gauge, we have 
introduced the Fourier transform A(a;, g^) of the order parameter with respect to z. only 
shifts the origin of the x axis and can therefore be set equal to zero when determining the 
critical temperature. Without any loss of generality, the solution of the integral equation 
(P!P|) can be written as a Bloch function! 

AQ(x)=e^'3^AQ(a:), (21) 

where 1^q[x) has the periodicity vr/G and the magnetic Bloch wave vector Q is restricted 
to ] — G, G]. Each phase is characterized by this vector Q which plays the role of a pseudo- 
momentum for the Cooper pairs in the magnetic field. The kernel K[x^ x') takes into account 



all the quantum effects of the field. In Sec .[III A| we will compare the exact mean-field results 



obtained with K{x,x') with those obtained in the eikonal (or semiclassical phase integral) 
approximation where the quantum effects of the field are completely neglected. In this 
approximation, the kernel becomeJi 

N{0)7rT cos[2fXBH{x - x') /v] 



K^''''\x,x',q,) 



V sinh[|a; — a;'|27rT/f ] 

(22) 



7 ( M . 

X Jo — [x — a; ) sm 



c G . I 

Qz [X + X 

^2 2^ 



If = 0, the orbital effects vanish for a field parallel to the y direction and the phase 
diagram is then shown in Fig.^. In the following, we study the orbital effects of the field for 
increasing coupling between chains. 



A. Large anisotropy 

We first consider the case of a small coupling tz/Tco = 1.33. For each value of the field, we 
determine numerically from Eq.(^) the vector Q which maximizes the critical temperature 
and the corresponding T^. 

In a first step, we neglect the PPB effect. The results are shown in Figs.|^ and |^. In 
the eikonal approximation (Fig.^), where quantum effects of the field are not taken into 
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account, we recover the standard results for a system of weakly coupled superconducting 
chains (or planes)0. Close to Tco, the critical temperature decreases linearly with H. In this 
regime, the coherence length ^z{T) is much larger than the spacing c between chains and the 
superconducting state is a triangular Abrikosov vortex lattice. At lower temperature, the 
coherence length becomes of the order of the spacing between chains so that vortices can fit 
between chains, thus quenching the orbital mechanism of destruction of the superconduc- 
tivity and leading to a divergence of the critical field. The superconducting state is then 
a triangular Josephson vortex lattice with a periodicity in the transverse direction equal to 
2c. The crossover between these two regimes is sometimes referred to as a (temperature- 
induced) dimensional crossove It should be noted here that this dimensional crossover 
is different from the magnetic-field-induced dimensional crossover which results from the 
magnetic-field-induced localization of the wave functions and which is not taken into ac- 
count in the eikonal approximation!. The values of Q corresponding to the highest Tc are 
shown in Fig.pD. At low field, all the values of Q lead to the same critical temperature. As 
pointed out by DM, this degeneracy allows one to construct the Abrikosov vortex lattice 
by taking a linear combination of the function Aq(x, g^). In Fig.|^, the degeneracy of 
with respect to Q is shown symbolically by a shaded triangle. At higher field, when the 
superconducting state becomes a Josephson vortex lattice, the degeneracy is lifted in favor 
of Q = 0. It is worth pointing out that these results obtained in the eikonal approximation 
can also be obtained in the Lawrence- Doniach modelEl where the critical temperature is 
obtained from (restoring the dependence)! 



The results obtained in the exact calculation are similar to those obtained in the eikonal ap- 
proximation, except for the reentrance which occurs at high field (cj^ ^ t^) as a consequence 
of the magnetic- field-induced dimensional crossover! (Fig.^). 

We now consider both the PPB and orbital effects. In both descriptions (exact and 
eikonal), we obtain a linear behavior at low field showing that the critical temperature is 




(23) 
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limited by the orbital effect. The value of Q is degenerate in this field range. At higher field, 
the degeneracy is lifted in favor of Q = when the periodicity of the vortex lattice becomes of 
the order of 2c. This temperature-induced dimensional crossover from the Abrikosov vortex 
lattice towards the Josephson vortex lattice is accompanied by a weak upward curvature 
of Hc2{T). At lower temperature, the two descriptions differ considerably. In the exact 
description (Fig.|^), the orbital effect appears very weak and the phase diagram in this field 
range is similar to the one obtained by considering only the PPB effect (Fig.^. We observe 
a transition to a LOFF state characterized by a finite value of Q which means an additional 
spatial modulation for the Josephson vortex lattice. For very high field, we find Q c:^ 2h/v. 
The transition line shows a pronounced upward curvature which is a consequence of the 
existence of the LOFF state. In the eikonal description (Fig.^, the orbital effect modifies in 
an important way the phase diagram shown in Fig.|^. The divergence of the critical field Hc2 
is suppressed^ and the region of stability of the LOFF state is very narrow. The upward 
curvature of the transition line is now restricted to very low temperatures. 

Thus, the pronounced upward curvature of Hc2{T) found in the preceding section, which 
was a consequence of the existence of the LOFF state, persists only if the quantum effects 
of the field are fully taken into account. In the following, we shall not consider the eikonal 
approximation any more. 

B. Smaller anisotropy 

For larger values of the coupling between chains tz/Tco = 2.67 and 2.93, the phase 
diagrams are shown in Fig.|^ to Fig.|10[ The low field regime, where the value of Q is 
degenerate, is now followed by a phase Q = G, which is itself followed by a phase Q = 0. 
This is the cascade of superconducting phases which has been studied by DM. This cascade 
appears between the low field regime where the superconducting state is an Abrikosov vortex 
lattice and the very high field regime where the superconducting state is a Josephson vortex 
lattice. The transition to the LOFF state appears in the last phase Q = 0: The GL regime 
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and the cascade of phases are dominated by the orbital effects of the field. Fig.|^ to Fig.|0 
show that the shape of the transition line is very sensitive to the value of tz/Tco- 

If we further increase the coupling between chains (Fig.|ri| to Fig.|T^), the number of 
phases in the cascade increases. The transition to the LOFF state appears before the 
reentrant phase. In Fig.^, the transition corresponds to a shift of Q within a phase Q = G. 

For tz/Tco = 6.67 (Fig.|l5| and Fig .[TBI), the cascade of phase transitions appears at lower 
temperature. The transition to the LOFF state occurs in the beginning of the cascade. At 
low temperature, we thus observe an alternance of phases Q = 2h/v and Q = G — 2h/v. 



In Fig.|l^, we have shown the eigenvalue Xq of the kernel K{x, x') associated with the 
eigenfunction Aq(x) for different values of the magnetic field. The parameters used in this 
figure are the same as the ones of FigJTB. 



IV. BECHGAARD SALTS 

In this section, we discuss the experimental situation in the Bechgaard salts. We concen- 
trate on (TMTSF)2C104 which appears as the most promising material with respect to the 
effects discussed in this paper. Several comments are in order here. First we should wonder 
whether the model we have used is adequate to describe the superconductivity in the Bech- 
gaard salts. Many experimental results seem to show that the intrachain interactions are 
repulsive and indicate that the superconductivity is not of conventional typeii. For exam- 
ple, NMR measurements obtained by TakigawaS are clearly not compatible with isotropic 
s-wave pairing in zero field. However, DM argued that a model based on local attractive 
interactions (which would lead to isotropic s-wave pairing in zero field) should remain valid 
from a qualitative point of view. The reason is that the unusual behavior of a quasi- ID su- 
perconductor in a high magnetic field is due only to the magnetic-field-induced dimensional 
crossover (i.e., the localization of the one-particle wave-functions along the chains of highest 
conductivity) and does not rely on a particular model of super conduct ivity0. Second, one 
should wonder whether a BCS mean-field analysis can be justified in a system of weakly 
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coupled chains. Such an analysis requires well defined quasi-particles in the normal state 
and in particular a coherent transverse (in the y and z directions) electronic motion. From 
a theoretical point of view, this problem has recently attracted a lot of attention. Many 
authorJ^i have given some arguments in favor of a Fermi liquid behavior at low enough 
temperature in a system of weakly coupled chains@ while the opposite point of view has 
been adopted by Anderson and collaborator Jh3. In (TMTSF)2C104, the NMR relaxation 
rateii shows that the behavior of the system changes drastically when the temperature de- 
creases below about 10-30 K. This result, together with the absence of a correlation gap as 
can be seen from resistivity measurement, strongly suggests that this compound undergoes 
a single particle dimensionality crossover at a temperature T^i ~ 10 K, below which the 
tranverse electronic motion becomes coherent. Other convincing experiments are those con- 
cerned with the angular Lebed' resonances^!. The origin of these resonances, which occur 
in various physical quantities (thermodynamics or transport) when the field is titled in the 
(y, z) plane, can be simply understood from a semiclassical argument. The semiclassical 
electronic trajectory is of the form y = b(ty/ujcy) cos{uJcyy/v) and z = c{tz/ujcz) co?,{(jJczz/v), 
where uj^y = —eHccos{6) and Ucz = —eHbsin{6). Here b is the spacing between chains in the 
y direction and 6 is the angle between H and the z axis. For certain orientations 6 of the field 
("magic" angles), the two magnetic frequencies Ucy and Ucz are comensurate, Ucz/uJcy = p/q 
{p, q integer), leading to a periodic electronic motion which results in the Lebed' resonances. 
Clearly, this analysis based on the consideration of the semiclassical orbits is meaningful 
only if the electronic motion is coherent in both the y and z directions. From our point 
of view, the absence of coherent transverse electronic motion in the Bechgaard salts would 
therefore be very difficult to reconcile with the existence of these angular oscillation^. 

Since the shape of the transition line very strongly depends on the value of the ratio 
tz/Tco, one should wonder what the value of this parameter is in the Bechgaard salts. There 
are two opinions in the literature concerning the values of the transfer integrals ti, = ty/2 and 
tc = According to many authors, 4 = 200 — 300 K and tc = 5 — 10 K, as obtained from 

band calculationil. These values seem to be supported by recent measurements of a new type 
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of angular oscillations of the conduct ivityii. The second opinion is that the values of tb and 
tc are strongly reduced with respect to their bare values, due to ID fluctuationsH'll. From 
a renormalization group calculation and using experimental results of the NMR relaxation 
rate, Bourbonnais et al. estimated ~ 30 Kil, which leads to tc — 0.5 — 1.5 K. While the 
first point of view yields values of the transfer integrals which would make the observation 



of the LOFF state difficult or even impossible (see the numerical calculations in Sec.|lTl| and 
Ref.i), the second point of view makes the compound (TMTSF)2C104 a very good candidate 
for the effects discussed in this paper. 

Lee et al. have recently investigated the superconducting transition in (TMTSF)2C104 
from resistive measurements performed between 1.2 K and 60 mK and up to 7 Tesla§. The 
magnetic field was oriented along the b' axis, since this corresponds to the orientation for 
which quantum effects of the field are expected!. Although they do not give a definite answer 
for the existence of high-field superconductivity in (TMTSF)2C104, these results might be 
interpreted as the signature of a high-field superconducting phase (see Ref.0 for a detailed 
analysis of the experimental results). Such an interpretation would imply an anisotropy 
tz/TcQ ~ 3.5 — 4 which leads to tc ~ 2 K. For this value of the anisotropy, the GL regime 
and the reentrant phase are separated by a few superconducting phases separated by first 
order transitions (see Figs. |12] and | 



V. CONCLUSION 

We have presented a detailed analysis of the interplay of the Pauli paramagnetism and 
the orbital effects of the field in a quasi- ID superconductor with an open Fermi surface. We 
have calculated the transition line (if, Tc) as a function of the anisotropy t^/TcQ. As a result 
of their quasi- ID Fermi surface, quasi- ID superconductors appear as very good candidates 
for the observation of a LOFF state, provided that their anisotropy is large enough. We 
have shown that when the interchain coupling is sufficiently weak, the transition between 
the LOFF state and the normal state is characterized by an upward curvature of the critical 
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field Hc2(T). We have also argued that the organic superconductor (TMTSF)2C104 is a 
good candidate for the observation of a LOFF state. The experimental results of Lee et 
a/.0 on this compound are in agreement with the results obtained in this paper and could 
be interpreted as a signature of high-field superconductivty. Since the zero field critical 
temperature T^o decreases with pressure^, it should be possible to study the evolution of 
the resistivity curves R{H, T) measured by Lee et al. as a function of the anisotropy tz/Tco. 
A disappearence of the high-field "anomalies" of the resistivity when pressure is increased 
would support the existence of a high-field superconducting phase at ambiant pressure. 
Although we only considered in this paper the case of quasi- ID systems, the results can 
easily be extended to the case of quasi-2D conductors. DM argued that similar quantum 
effects of the field should be present in a weakly coupled planes system in a magnetic field 
perpendicular to the low conductivity axis, leading to a cascade of superconducting phases 
similar to the one predicted for quasi- ID systems. They also pointed out that for a dispersion 
law which is isotropic in the most conducting plane (for example = A;y/2m|| where ky and 
my are the wave vectors and the effective mass in the most conducting plane), the LOFF 
state will not compensate significantly the PPB effect so that its region of stability in the 
H — T plane will be very narrow or even non-existent. This means that both the LOFF state 
and the cascade will be very difficult to observe in this case. However, some of the recently 
discovered quasi-2D organic superconductors, like for example the salts of the BEDT-TTF 
family, present some fiat parts on their Fermi surfaceil. While such a topology of the Fermi 
surface is usually expected to favor the formation of an antiferromagnetic state, it could also 
increase the efficiency of the LOFF state in compensating the PPB effect. Experimental 
results indicate that the critical field parallel to the most conducting planes is closed to the 
Pauli limitii. Thus, the existence of a LOFF state in quasi-2D materials cannot be a priori 
excluded. 
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FIGURES 

FIG. 1. Cooper pair susceptibility x{q) on the transition line {H,Tc) as a function of q/G for 
different values of the magnetic field. G = —eHc is the magnetic wave vector introduced in section 
III. 

FIG. 2. a) Transition line Tc of a quasi-lD superconductor in presence of a magnetic field acting 
on the electrons spins, b) Wave vector q of the modulation of the order parameter vs magnetic 
field. The dashed line corresponds to q = 2h/v. 

FIG. 3. a) Transition line Tc for tz/Tco = 1.33 in the eikonal approximation and in the absence 
of PPB effect. On the top of the figure, we have written (Eik, no PPB) in order to remind that 
the calculation was done in the eikonal approximation without considering the Pauli pair breaking 
effect, b) Magnetic Bloch wave vector Q vs magnetic field. The degeneracy of Tc with respect to 
Q at low field is shown symbolically by a shaded triangle. The three dashed lines correspond to 
Q = 2h/v,G -2h/v,G. 

FIG. 4. a) Transition line Tc for tz/Tco = 1.33 in the absence of PPB effect, b) Magnetic Bloch 
wavevector Q vs magnetic field. 

FIG. 5. a) Transition line Tc for tz/Tco = 1.33 in the presence of both PPB and orbital effects, 
b) Magnetic Bloch wavevector Q vs magnetic field. 

FIG. 6. a) Transition line Tc for tz/Tco = 1.33 in the eikonal approximation in the presence of 
both PPB and orbital effects, b) Magnetic Bloch wavevector Q vs magnetic field. 

FIG. 7. a) Transition line Tc for tz/Tco = 2.67 in the absence of PPB effect, b) Magnetic Bloch 
wavevector Q vs magnetic field. 

FIG. 8. a) Transition line Tc for tz/Tco = 2.67 in the presence of both PPB and orbital effects, 
b) Magnetic Bloch wavevector Q vs magnetic field. 
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FIG. 9. a) Transition line Tc for tz/Tco = 2.93 in the absence of PPB effect, b) Magnetic Bloch 
wavevector Q vs magnetic field. 

FIG. 10. a) Transition line Tc for tz/Tco = 2.93 in the presence of both PPB and orbital effects, 
b) Magnetic Bloch wavevector Q vs magnetic field. 

FIG. 11. a) Transition line Tc for tz/Tco = 3.33 in the absence of PPB effect, b) Magnetic 
Bloch wavevector Q vs magnetic field. 

FIG. 12. a) Transition line Tc for tz/Tco = 3.33 in the presence of both PPB and orbital effects, 
b) Magnetic Bloch wavevector Q vs magnetic field. 

FIG. 13. a) Transition line Tc for tz/Tco = 4 in the absence of PPB effect, b) Magnetic Bloch 
wavevector Q vs magnetic field. 

FIG. 14. a) Transition line Tc for tz/Tco = 4 in the presence of both PPB and orbital effects, 
b) Magnetic Bloch wavevector Q vs magnetic field. 

FIG. 15. a) Transition line Tc for tz/Tca = 6.67 in the absence of PPB effect, b) Magnetic 
Bloch wavevector Q vs magnetic field. 

FIG. 16. a) Transition line Tc for tz/TcQ = 6.67 in the presence of both PPB and orbital effects, 
b) Magnetic Bloch wavevector Q vs magnetic field. 

FIG. 17. Eigenvalue Ag of the kernel K{x,x') vs Q for different values of the magnetic field. 
The parameters are the same as in Fig. 16. (a) At low field {H = 0.3 T), Ag is independent of Q. 
At higher field, this degeneracy is lifted in favor of Q = or Q = G. (b) At high enough field, Xq 
is maximum for either Q = 2h/v or Q = G — 2h/v. 
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